The diversity of bacteria nodulating Aeschynomene americana L. in Thailand was determined from phenotypic characteristics and multilocus sequence analysis of the 16S rRNA gene and 3 housekeeping genes (dnaK, recA, and glnB). The isolated strains were nonphotosynthetic bacteria and were assigned to the genus Bradyrhizobium, in which B. yuanmingense was the dominant species. Some of the other species, including B. japonicum, B. liaoningense, and B. canariense, were minor species. These isolated strains were divided into 2 groups-nod-containing and divergent nod-containing strains-based on Southern blot hybridization and PCR amplification of nodABC genes. The divergent nod genes could not be PCR amplified and failed to hybridize nod gene probes designed from B. japonicum USDA110, but hybridized to probes from other bradyrhizobial strains under lowstringency conditions. The grouping based on sequence similarity of nod genes was well correlated with the grouping based on that of nifH gene, in which the nod-containing and divergent nod-containing strains were obviously distinguished. The divergent nod-containing strains and photosynthetic bradyrhizobia shared close nifH sequence similarity and an ability to fix nitrogen in the free-living state. Surprisingly, the strains isolated from A. americana could nodulate Aeschynomene plants that belong to different cross-inoculation (CI) groups, including A. afraspera and A. indica. This is the first discovery of bradyrhizobia (nonphotosynthetic and nod-containing strain) originating from CI group 1 nodulating roots of A. indica (CI group 3). An infection process used to establish symbiosis on Aeschynomene different from the classical one is proposed.
T
he symbiotic interaction between leguminous plants and rhizobia (nitrogen-fixing bacterial symbionts) leads to the formation of a specialized plant organ called a nodule, where the bacteria fix atmospheric dinitrogen to the benefit of the plants. The genus Aeschynomene comprises about 175 to 180 species of legumes distributed throughout the tropical and subtropical regions of the world (33) . Taxonomically, Aeschynomene belongs to the Dalbergioid clade, which is in subfamily Papilionoideae of the Fabaceae (23) . Aeschynomene establishes a symbiotic relationship with bacteria belonging to the genus Bradyrhizobium, and the nitrogen-fixing nodules are formed on roots and/or stems (28, 29) . Three cross-inoculation (CI) groups among Aeschynomene species have been described according to their symbiotic bacteria (27) . Members of CI group 1, such as A. americana and A. elaphroxylon, are nodulated only on their roots by nonphotosynthetic bradyrhizobia. Members of CI group 2, such as A. afraspera and A. nilotica, and CI group 3, such as A. indica and A. sensitiva, are nodulated on their roots and stems. CI group 2 is nodulated by both nonphotosynthetic and photosynthetic bradyrhizobia, which are also able to nodulate CI group 3 (27) . CI group 3 is only nodulated by photosynthetic bradyrhizobia, such as Bradyrhizobium sp. strains BTAi1 and ORS278.
The infection process in Aeschynomene species is rather primitive, as it occurs via "crack entry" by intercellular infection of epidermal fissures generated by the emergence of lateral roots (1, 3) . Two different nodulation processes used to establish a symbiotic interaction with Aeschynomene have been described (3) . First, a nodulation process between A. afraspera and its specific symbiont Bradyrhizobium sp. strain ORS285 occurs via a Nod-factordependent mode. This mode is a multistep process requiring lipochitooligosaccharide signal molecules (Nod factors) produced by the bacteria to initiate symbiosis, as described in the model legumes Lotus japonicus and Medicago truncatula (11, 30) . The bacteria contain nodulation (nod) genes, which encode proteins involved in the biosynthesis and secretion of the Nod factor (31) . Another process, via the Nod-factor-independent mode, has been observed in A. indica nodulated by photosynthetic bradyrhizobia, including Bradyrhizobium sp. strains BTAi1 (12) , ORS278 (4) , and ORS285 (3) . The strains BTAi1 and ORS278 do not possess the canonical nodABC genes required for the synthesis of the core structure of Nod factors, but use other mechanisms of signaling to the plant (12) . Mutation analyses of the nod genes in the strain ORS285 did not affect nodulation of A. indica and A. sensitiva but blocked nodulation of the original host plant, A. afraspera (3, 9, 12) . Therefore, the nod-containing photosynthetic strain ORS285 is able to use both modes, depending on the host plant. It was hypothesized that a purine derivative, such as cytokinin, might play a role in triggering nodule formation instead of the Nod factor (2, 12) .
Phylogenetic analyses revealed that the bacterial symbionts associated with CI group 3 Aeschynomene belonged to the genus Bradyrhizobium but form a separate subbranch distinct from the nonphotosynthetic species B. japonicum and B. elkanii (28) . Multilocus sequence analyses (MLSA) of a number of housekeeping genes were used to study the evolutionary relationships of and delineate species in the genus Bradyrhizobium (29, 34, 45) . The dnaK, glnB, and recA produced a well-revolved phylogeny of photosynthetic bradyrhizobia and have been suggested for MLSA analyses in the genus Bradyrhizobium. However, only a little information from the nonphotosynthetic bradyrhizobia isolated from Aeschynomene in CI group 1 was obtained (28, 29) , and their infection process has not been elucidated so far. Therefore, in this study, phylogenetic analyses of the 16S rRNA gene and a combination of the 3 housekeeping genes (dnaK, glnB, and recA) were used to elucidate the taxonomic relationships of the strains isolated from A. americana, and their symbiotic evolutions were explored by analyses of a nitrogenase gene (nifH) and nodulation genes (nodA and nodB). In addition, ␤-glucuronidase (GUS)-and green fluorescent protein (GFP)-labeled strains were used to examine the infection process on Aeschynomene species. This study could provide more information how the bacteria establish a symbiotic interaction with A. americana.
MATERIALS AND METHODS
Soil samples, collection sites, and Bradyrhizobium isolation and screening. Bradyrhizobial strains were isolated from nodules of A. americana, which is a local Thai variety confirmed by matK sequence (see Fig. S1 in the supplemental material). The A. americana was grown in soil collected from 11 rice field areas, where A. americana is found, in Thailand. These areas are located in different regions in northern and central Thailand, including Phitsanulok (17°31=4.77N, 100°19=3.92E and 17°31=31.82N, 100°19=11.11E), Uttaradit (17°18=7.97N, 100°13=53.33E, 17°47=33.99N, 100°6=58.96E, 17°47=48.81N, 100°6=57.12E, and 17°41=22.21N, 100°8=34.04E), Chiangmai (19°3=44.04N, 98°56=26.53E and 19°4=17.28N, 98°56=13.93E), Lampang (17°31=13.50N, 99°11=6.34E), and Lopburi (17°22=8.99N, 99°48=2.13E). After 45 days of growth, nodules were harvested, surface sterilized by immersion in 70% ethanol for 30 s and then in 3% hydrogen peroxide for 3 min, and washed five times with sterilized water. Each nodule was crushed and then streaked and purified on yeast extract-mannitol (YEM) agar (40) plates. These isolated strains were reinoculated onto the host plant under sterilized conditions to verify their nodulation ability. The isolated strains showing different BOXAIR1-genomic patterns were selected for further study. BOXAIR1 fingerprints were obtained by using a BOXA1R primer (5=-CTACGGCAAGG CGACGCTGAC-3=) (44) .
Bacterial strains, plasmids, and growth conditions. The 40 isolated strains and the plasmids used in this study are listed in Table 1 . Bradyrhizobial strains were cultured at 28°C in HM medium (7) for further analyses. Escherichia coli strains were cultured at 37°C in LB medium (36) . Media were supplemented with the following antibiotics when appropriate: for E. coli, 25 g/ml kanamycin, 15 g/ml tetracycline, and 25 g/ml gentamicin; and for Bradyrhizobium, 200 g/ml streptomycin and 200 g/ml tetracycline.
Phenotypic characterization. Colony color and morphology were observed during cultivation on agar medium. The production of photosynthetic pigment from the bradyrhizobial strains was observed on the HM agar medium. In order to detect bacterial chlorophyll, bacterial strains were grown aerobically at 28°C for 7 days under a 12-h-light/12-h-dark cycle. Cell pellets were extracted in the dark with cold acetonemethanol (7:2 [vol/vol]) for 30 min (24) . Absorbance of the supernatant was observed at a wavelength range from 350 to 800 nm. The nitrogenfixing activity of the bacterial cultures was examined by an acetylene reduction assay as described previously (32) . The reaction was carried out in a 21-ml test tube containing 7 ml of bacterial culture in LG medium (42) supplemented with arabinose and 0.005% yeast extract and incubated at 28°C for 5 days.
Plant test. Bradyrhizobial strains were grown for 5 days in HM broth. All plants were grown in a growth room with controlled environmental conditions of 25°C on a 12-h-light/12-h-dark cycle. Peanut (Arachis hypogaea), mungbean (Vigna radiata), soybean (Glycine max cv. SJ5), siratro (Macroptilium atropurpureum), and Sesbania rostrata seeds were sterilized as described previously (40) . A. americana (a local Thai variety), A. afraspera (provided by Eric Giraud), and A. indica (ecotype Tottori, Japan) seeds were sterilized by incubation in concentrated sulfuric acid for 25 min. The seeds were washed with sterilized water and then soaked in sterilized water overnight at ambient temperature. All seeds were germinated on 0.8% water agar. Cross-nodulation experiments were performed in plastic pouches (40) . Symbiotic abilities of bradyrhizobial strains were determined in Leonard jars containing sterilized vermiculite and inoculated with 1 ml of bacterial culture, equivalent to 10 7 cells. N-free Hoagland's solution (17) was added to each jar as required. After 6 weeks, plants were harvested and the entire plant was used for analysis of nitrogenase activity by measurement of acetylene reducing activity (ARA) (40) . After the ARA assay, nodules were detached from the roots and the number of the nodule was scored. The root, shoot, and nodule dry weights were determined after drying at 70°C for 72 h.
DNA extraction, PCR amplification, and sequencing. Bradyrhizobial genomic DNA was prepared as described previously (26) . The primers used are listed in Table 2 . The thermal cycler was programmed as follows: an initial denaturation at 95°C for 5 min, 35 cycles of denaturation at 94°C for 1 min, annealing at the appropriate temperature (Table 2) for 45 s, and extension at 72°C for 1 min, with a final extension at 72°C for 10 min. Gene fragments were amplified using the Go Taq Flexi DNA polymerase kit (Promega, Germany). The PCR products were purified using the Wizard SV gel and PCR clean-up system (Promega, Germany) and sequenced using the same primers as those for the PCR. DNA sequencing was carried out by Macrogen, Inc. (Seoul, South Korea). In order to extract bacterial DNA from nodules, the nodule was surface sterilized by immersion in 70% ethanol for 1 min, followed by rinsing in sterile water and then in 3% sodium hypochlorite for 5 min, followed by rinsing in sterile water. The nodule was crushed in 100 l of phosphate buffer, and the suspension was taken up for extraction of bacterial DNA as described above.
Southern blot hybridization of nodulation genes. The nodulation gene probes were obtained through a PCR amplification using genomic DNA of bradyrhizobial strains as a template. These bradyrhizobial strains included B. japonicum USDA110, Bradyrhizobium sp. strain ORS285, the isolated strain SUTN6-2 (99% identity to B. yuanmingense based on 16S rRNA gene sequence JN578798), and the isolated strain SUTN7-2 (99% identity to B. canariense based on the 16S rRNA gene sequence JN578800). The strains SUTN6-2 and SUTN7-2 were used as representatives of B. yuanmingense and B. canariense, respectively. DNA fragments of nodA, nodB, and nodC of B. japonicum USDA110 were amplified from the primer pairs nodA28/nodA627, nodB26/nodB625, and nodCF/nodCI (Table 2) , respectively. DNA fragments of nodA, nodB, and nodC of the isolated strains SUTN6-2 and SUTN7-2 were amplified from the primer pairs nodAYF46/nodAYR595, nodB26/nodB625, and nodCF/nodCI (Table 2), respectively. Each nod gene probe was verified by DNA sequencing. The nodA probe obtained from B. japonicum USDA110 (600 bp) shared 100% identity with that of B. japonicum USDA110, that from strain SUTN6-2 (550 bp) shared 95% identity with that of B. yuanmingense, and that from strain SUTN7-2 shared 93 to 95% identity with that of various strains of Bradyrhizobium sp. The nodB probe obtained from B. japonicum USDA110 (600 bp) shared 100% identity with that of B. japonicum USDA110, that from strain SUTN6-2 (530 bp) shared 95% identity with that of B. yuanmingense, and that from strain SUTN7-2 (530 bp) shared 87% identity with that of B. yuanmingense. The nodC probe (1,000 bp) obtained from B. japonicum USDA110 shared 100% identity with that of B. japonicum USDA110, that from strain SUTN6-2 shared 93% identity with that of B. yuanmingense, and that from strain SUTN7-2 shared 96% identity with that from B. canariense. DNA probes were labeled overnight by random priming and hybridized using the digoxigenin (DIG) High Prime DNA labeling and detection starter kit I (Roche). Bradyrhizobial genomic DNAs were digested with EcoRI and separated in a 1% agarose gel. Southern blotting was carried out by capillary transfer to a Hybond-Nϩ nylon membrane (Amersham, Cardiff, United Kingdom), as described previously (36) . The membranes were hybridized at 44°C for 18 h. Sequentially, membranes were twice washed in 2ϫ SSC-0.1% SDS at 25°C for 5 min and in 0.5ϫ SSC-0.1% SDS at 65°C for 15 min (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). For the low-stringency condition, the membranes were hybridized at 40°C for 18 h and then twice washed in 2ϫ SSC-0.1% SDS at 25°C for 5 min and in 0.5ϫ SSC-0.1% SDS at 60°C for 15 min. Phylogenetic analyses. DNA sequences of gene fragments generated in this study were subjected to the algorithm BLASTN to identify the most similar sequences available in the database. DNA sequences of each gene from relative strains in the family Bradyrhizobiaceae, of other rhizobia, and of outgroups were obtained from the GenBank database. Multiple alignments were performed with MUSCLE from phylogeny.fr (8) . Unaligned regions and gaps were excluded from the analyses. In total, 1,351, 677, 458, 587, 643, 480, and 534 nucleotide positions were used for the phylogenetic analyses of 16S rRNA genes, dnaK, glnB, recA, nifH, nodA, and nodB, respectively. Phylogenetic trees were reconstructed by the maximum likelihood method using PhyML (15) , and confidence levels were estimated for 1,000 replicates. In comparison, phylogenetic trees were also reconstructed by the distance neighbor-joining method (35) using the MEGA 4.1 package (21) .
Construction of GUS-and GFP-labeled Bradyrhizobium strains. To obtain GUS-labeled strains, plasmid pCAM120 (47) was transferred into bradyrhizobial strains by biparental mating. Blue colonies expressing GUS activity were selected in HM agar medium supplemented with streptomycin and gentamicin. In order to construct GFP-expressing strains, plasmid pEGFP (Clontech), containing a gfp fragment, was digested with HindIII and EcoRI. The HindIII/EcoRI fragment was cloned into a broadhost-range vector pRK404 (37) to give vector pBZ1. The pBZ1 vector was introduced into E. coli S17-1 using electroporation (18 kv/cm, 100 ⍀, and 25 F) and was transferred into bradyrhizobial strains by biparental mating. Transconjugants were selected on HM agar medium supplemented with tetracycline and gentamicin.
Biparental spot mating for transfer of the recombinant plasmids to the bradyrhizobial strains was carried out using E. coli S17-1 as a donor with some modification (20) . E. coli S17-1 containing the recombinant plasmid and bradyrhizobial strains were cultured to stationary phase in LB and HM medium, respectively, with appropriate antibiotics added. Bacteria obtained from 1 ml of each culture were pelleted, and cultures of E. coli and bradyrhizobial strains were resuspended in 1 ml and 0.1 ml 0.85% NaCl, respectively, and mixed at a volume ratio of 1:5. The mixture (40 l) was dropped on HM medium agar and incubated for 4 days at 28°C. The cells were harvested and then resuspended in 1 ml of 0.85% NaCl. The cell suspensions were plated onto the HM agar with appropriate antibiotics. Microscopic study of infection process. To study the invasion process and localization of the bradyrhizobial strains, A. americana, A. afraspera, and A. indica seeds were inoculated with GUS-and GFP-labeled strains. The plants inoculated with GUS-labeled strains were monitored daily for 10 days. GUS staining was performed as described previously (26), and GUS expression was observed under light microscopy. The localization of A. americana by GFP-labeled strains was observed using fluorescence microscopy at 6 and 24 h after inoculation. The fresh stems, roots, and nodules were embedded in 5% agarose gel, and the 90-m-thick sections were prepared using a vibratome (Microm HM 650V).
Statistical analysis. The data were subjected to analysis of variance (ANOVA) using the program SPSS version 11.5. Duncan's multiple range test was used to identify differences between means at P Յ 0.05.
RESULTS

Bacterial isolation and phenotypic characteristics.
A total of 246 bacterial strains were obtained after nodule isolation and renodulation of A. americana. Identical BOXAIRI profiles were found with the isolated strains from different geographic origins. Therefore, the 40 isolated strains showing different BOXAIR1 fingerprints (data not shown) were chosen for further study. When grown on HM medium, most of the strains formed 1.5-to 2-mmdiameter colonies within 4 to 5 days of incubation. Photosynthetic pigment was observed neither from growth on plate culture nor from extraction of broth culture with acetone-methanol. However, the peaks of bacterial chlorophyll (780 nm) and carotenoids (460 to 490 nm) of photosynthetic Bradyrhizobium sp. strains BTAi1 and ORS278 could be detected and used as positive controls (see Fig. S2 in the supplemental material) .
Phylogenetic analysis of 16S rRNA genes. Sequences of 16S rRNA genes were determined for the 40 representative strains obtained from A. americana. Sequences from various reference strains were added, which consisted of different Bradyrhizobium species as well as Rhodopseudomonas palustris. Mesorhizobium loti MAFF303099 was chosen as an outgroup strain to root the tree. On the basis of 16S rRNA gene sequence similarity, there are 2 major phylogenetic lineages, including lineage 1 of B. elkanii and lineage 2, in which other species of Bradyrhizobium and photosynthetic bradyrhizobia were included, with strong bootstrap support (98%) (Fig. 1) . All of the strains isolated belonged to lineage 2, including various Bradyrhizobium species (B. yuanmingense, B. japonicum, B. liaoningense, and B. canariense), and also R. palustris. In lineage 2, photosynthetic bradyrhizobial strains formed a separate branch with strong bootstrap support (98%), supporting that the isolated strains were nonphotosynthetic Bradyrhizobium. Using BLASTN, the isolated strains shared only 94% sequence identity to the photosynthetic bradyrhizobial strains.
Cross-nodulation test. The nodulation test on the original host A. americana showed that most of the isolated strains could produce up to 100 nodules per plant after 45 days of inoculation. Besides nodulating their original host, all isolated strains could efficiently nodulate A. hypogaea, V. radiata, and M. atropurpureum, but they failed to nodulate S. rostrata and G. max (Table 3) . B. japonicum USDA110 had the ability to form root nodules on all plants tested, except A. americana and S. rostrata.
Presence of nodulation genes. Southern blots of EcoRI-digested DNA derived from the isolated strains were hybridized to probes of nodA, nodB, and nodC from different bradyrhizobial strains. The Southern blot hybridization results are shown in Table 3 (see Fig. S3 in the supplemental material) . Based on Southern blot hybridization results, the isolated strains were divided into 2 groups-nod-containing strains and divergent nod-containing strains. Of 40 strains, 18 strains, showing signals of nodA, nodB, and nodC after hybridization to the probes designed from B. japonicum USDA110, were called "nod-containing strains." The remaining 22 strains failed to hybridize all nod gene probes from B. japonicum USDA110 under stringent conditions, except for strains SUTN1-8, SUTN1-12, SUTN2-1, SUTN2-3, and SUTN4-3, which showed signals of some nod genes. However, under lowstringency conditions, the remaining 22 strains showed weak signals of nodC after hybridization to probes obtained from B. japonicum USDA110 and of nodA and nodB after hybridization to probes obtained from the other bradyrhizobial strains (SUTN6-2 and SUTN7-2). Therefore, these strains were called "divergent nod-containing strains." In detail, the divergent nod-containing strains failed to hybridize to nodA probe from strain USDA110 (under either stringent or low-stringency conditions), but hybridized to nodA probe from strain SUTN6-2 under the low-stringency condition. For Southern blot hybridization of nodB, the divergent nod-containing strains failed to hybridize to nodB probes designed from either strain USDA110 or strain SUTN6-2. Therefore, the nodB probes from strain SUTN7-2 were used, and the divergent nod-containing strains showed the signals of nodB under the low-stringency condition. For Southern blot hybridization of nodC, the signals were obtained after hybridization to probes obtained from strain USDA110 under the low-stringency condition and also from strains SUTN6-2 and SUTN7-2 under stringent conditions. Taken together, these results show that the canonical nodABC genes of the divergent nodcontaining strains differed from the classical one and each nod gene might diverge from various origins.
In addition, detection of nodulation genes (nodA, nodB, and nodC) was carried out by PCR amplification and sequencing. B. japonicum USDA110 and Bradyrhizobium sp. strain BTAi1 were used as positive and negative controls, respectively. Several primer sets designed from different species of Bradyrhizobium were used for PCR amplification of nodulation genes. Using the primer pairs designed from B. japonicum USDA110, only the PCR product of nodB was obtained from the nod-containing strains, but none of the PCR products of nodA and nodC was obtained from these strains. However, the PCR products of nodA and nodC of the nod-containing strains were obtained by using primer pair nod-AYF46/nodAYR595 (designed from the nodA sequence of B. yuanmingense) ( Table 2 ) and degenerate primer pair nodCF/nodCI, respectively (data not shown). In contrast, none of the PCR product of nodA, nodB, and nodC was obtained from the divergent nod-containing strains, even though several primer sets (Table 2) were used. These results indicated that the canonical nodABC genes of the divergent nod-containing strains were unusual compared to those of the other rhizobia.
Phylogenetic analyses of nodulation genes. PCR product of nodA, nodB, and nodC could not be obtained from the divergent nod-containing strains. Therefore, only sequences of nodulation genes obtained from nod-containing strains were used to construct the phylogenetic trees. The taxonomic positions of the nodcontaining strains in trees constructed from nodA and nodB were congruent (Fig. 2) . Analyses of nodA and nodB sequences showed that these genes from all of the nod-containing strains were similar to those from B. yuanmingense ( Fig. 2A and B) , and the strains were clustered with nonphotosynthetic bradyrhizobia (either from CI group 1 or from CI group 2) in the nodA tree ( Fig. 2A) . Comparison of nodA sequences revealed that most of the nod- containing strains shared 91 to 95% sequence identity with B. yuanmingense, but they shared only 88% and 80% sequence identity with B. japonicum and B. elkanii, respectively. The exceptions were found for the strains SUTN5-5, SUTN7-1, SUTN7-2, and SUTN4-1; the nodA sequences of strains SUTN5-5, SUTN7-1, SUTN7-2, and SUTN4-1 shared 85 to 91% identity with that of B.
yuanmingense and 84 to 87% identity with that of B. japonicum. These strains were placed on unclassified branches with the nonphotosynthetic bradyrhizobia originating from nodules of CI group 1 (ORS301, ORS302, and ORS304) and CI group 2 (ORS354) (Fig. 2A) . In the same way, comparison of nodB sequences showed that most of the nod-containing strains shared 96% sequence identity with that of B. yuanmingense but shared only 90% and 89% sequence identity with those of B. japonicum and B. elkanii. The nodB sequences of strains SUTN4-1 and SUTN7-2 shared 85 to 86% identity with that of B. yuanmingense and 83 to 84% identity with that of B. japonicum. The sequences of nodA and nodB from the photosynthetic CI group 2 strains (ORS364, ORS285, ORS287, and ORS352) were divergent from those of the other bradyrhizobia, sharing only 55 to 58% identity with those of the A. americana strains, and were placed as a distinct cluster ( Fig. 2A and B) . Phylogenetic analyses of dnaK, recA, and glnB. In order to determine the taxonomic position of the isolated strains, the phylogenetic trees based on sequences of dnaK, recA, and glnB were constructed. The taxonomic positions of the isolated strains in the combination tree (Fig. 3) were almost congruent with their taxonomic positions in the 16S rRNA gene tree (Fig. 1) . In the combination tree, the isolated strains were clustered with B. yuanmingense and B. japonicum and separated from the group of B. elkanii and CI group 1 strains (ORS301 and ORS304) with 98% bootstrap support. In addition, the nonphotosynthetic bradyrhizobia isolated from CI group 1 were clearly distinguished from the bradyrhizobia isolated from CI groups 2 and 3 with 99% bootstrap support. Moreover, in the B. yuanmingense cluster, the number of divergent nod-containing strains formed a separate subcluster distinct from the majority of nod-containing strains, except for strains SUTN6-2, SUTN8-1, and SUTN8-2. In the B. yuanmingense cluster, the combination of dnaK, recA, and glnB sequence analyses showed that the nod-containing strains shared 98 to 99% sequence identities with that of B. yuanmingense, but the divergent nod-containing strains shared only 96 to 97% sequence identities with that of B. yuanmingense. Taken together, the grouping based on the similarity of dnaK, recA, and glnB correlated with the grouping based on the type of nodulation gene.
Phylogenetic analysis of nifH. The partial DNA sequences of PCR-amplified nifH fragments were determined from the 40 strains isolated. On the basis of nifH sequence similarity, there are 2 major phylogenetic lineages, including nifH lineage 1, in which the photosynthetic bradyrhizobial strains were a majority, and nifH lineage 2, in which the nonphotosynthetic bradyrhizobial strains were a majority (Fig. 4) . Interestingly, it was found that the nifH tree was well correlated with the grouping based on the type of nodulation genes (Table 3 ). In nifH lineage 2, the strains isolated from A. americana were divided into 2 major clusters, including a cluster of nod-containing strains and a cluster of divergent nod-containing strains. The divergent nod-containing strains were distinguished from the nod-containing strains with 61% bootstrap support. The exceptions were found for divergent nodcontaining strains DOA1 and DOA2. The DOA1 and DOA2 strains were placed in the cluster of nod-containing strains, but they formed a separate subbranch distinct from the nod-containing strains and the other nonphotosynthetic species. In addition, the nitrogenase activity was correlated with the grouping based on nifH sequence similarity, because the divergent nod-containing strains tended to have higher nitrogen-fixing ability than the nodcontaining strains in the free-living state (see Fig. S4 and Table S1 in the supplemental material). However, the acetylene reduction activities in the symbiosis state (see Fig. S5 and Table S1 in the supplemental material) and the dry weights of A. americana inoculated with the divergent nod-containing and nod-containing strains (see Fig. S6 and Table S1 in the supplemental material) were not significantly different.
Infection and nodulation on Aeschynomene. In order to determine the ability of nodulation on Aeschynomene isolates belonging to different CI groups, the strains DOA9 and SUTN9-2 were chosen as divergent nod-containing and nod-containing representatives, respectively. The strains were inoculated on A. indica (CI group 3) and A. afraspera (CI group 2), with strains ORS278 and ORS285 used as positive controls for A. indica and A. afraspera, respectively. Figure 5 shows the nodule morphologies of A. americana (CI group 1), A. afraspera (CI group 2), and A. indica (CI group 3) nodulated by the isolated strains. Tested on A. americana, the root nodules appeared 7 to 9 days after inoculation, and 3 weeks later, they were fully developed in vitro. Nodules were restricted to 2 main locations-the root and the lowest part of the stem (root primordial zone) located at the junction between the stem and the root. The root nodules were the aeschynomenoid type associated with the lateral root, established at the junctions of the parent roots and the lateral roots (Fig. 5A) . The root nodules of A. americana were generally small, about 1 to 2 mm in diameter. The nodules were soft pink on external appearance and contained a red-pigmented central tissue, suggesting the presence of leghemoglobin and the effective bacteria.
In addition, strains DOA9 and SUTN9-2 were able to nodulate roots of A. afraspera, but only SUTN9-2 was able to nodulate roots of A. indica. None of the stem nodules of A. afraspera and A. indica was found after inoculation with both strains. The root nodules of A. afraspera appeared within 2 weeks, and those of A. indica appeared within 3 weeks after inoculation. Similar to A. americana, the nodules that formed on A. afraspera ( Fig. 5D and E) and A. indica (Fig. 5I) were the aeschynomenoid type associated with the lateral root and located on 2 main parts, including the root and the lower and submerged part of the stem. BOXAIR1 fingerprints confirmed the ability to form root nodules on A. afraspera and A. indica by the bradyrhizobial strains originating from CI group 1 A. americana. Similar BOXAIR1 fingerprints were found from the pure cultures of the isolated strains (DOA9 and SUTN9-2) and from the nodules of A. afraspera inoculated with these strains (Fig. 5F ). In the same way, the similar BOXAIR1 fingerprints were found from the pure cultures of the isolated strain SUTN9-2 and from the nodules of A. indica inoculated with these strains (Fig. 5J) .
The divergent nod genes were unusual; therefore, it would be interesting to observe the infection process of the divergent nodcontaining strain DOA9. Strain DOA9 was labeled with GUS and GFP and inoculated on seedlings of A. american, A. afraspera, and A. indica. Infected areas were observed every day for 10 days. Strain DOA9 was able to infect all of the tested plants (A. americana, A. afraspera, and A. indica) belonging to 3 different CI groups, and the infection features in each plant were similar. For example, the bacterial accumulation was found in root hairs and epidermis cells surrounding the lateral root origins of A. americana (Fig. 5B) and A. indica (Fig. 5G) . The infection feature of strain SUT9-2 was also observed, and it was similar to that of strain DOA9 in all plants tested (Fig. 5C and H) . Figure 6 shows A. americana root infected by strain DOA9. At 6 h after inoculation, DOA9 was found to attach at root hairs and epidermis cells surrounding the lateral root origins (Fig. 6B and C) . Later, at 1 to 3 days after inoculation, accumulation of the bacterial cells was observed in root hairs and epidermis cells around lateral root primordia (Fig. 6D to F) . No infection thread was observed. After 3 days, intercellular bacterial spreading was observed, and the infected area spread to the root cortex (Fig. 6G) . The intracellular infection in cortex cells and the intercellular spreading in endodermis and steles were observed after 4 days (Fig. 6H) . The expression of GUS in the nodules located at lateral root bases was observed after 2 weeks of inoculation ( Fig. 6I and J) . Thin sections of nodules collected from 2-week-old plants showed a high density of GUS-expressing bacterial cells in the infected area, and the bacterial cells were also seen in inner cortex cells surrounding the infected area of the nodule.
DISCUSSION
Bradyrhizobia have been described in the nodules of Aeschynomene (39) , and most studies have focused on photosynthetic bradyrhizobial strains nodulating on Aeschynomene that belong to CI group 2 and CI group 3 (27) . Extensive studies have been done for photosynthetic Bradyrhizobium sp. strains BTAi1 and ORS278, which nodulate A. indica and A. sensitiva belonging to CI group 3, respectively. These strains lack classical nodulation genes, so they are called "nod-independent strains" (27) . In addition, a photosynthetic Bradyrhizobium strain, ORS285, from A. afraspera (CI group 2) was found to have coexistence of 2 nodulation mechanisms-a classical nod-dependent one with A. afraspera and a nod-independent one with A. indica (29) . In this study, A. americana, which is a species belonging to CI group 1, was focused on. We found that all of the strains isolated from A. americana belonged to the genus Bradyrhizobium, based on their molecular characterization. B. yuanmingense was found to be the dominant species, and some of the other species, including B. japonicum, B. liaoningense, and B. canariense, were the minor species. The bradyrhizobial strains isolated from A. americana were nonphotosynthetic bacteria; therefore, they were distinguished from the photosynthetic strains nodulating the other Aeschynomene species belonging to CI group 2 and CI group 3 (27) . In addition, all of the strains isolated from A. americana were able to nodulate M. atropurpureum, A. hypogaea, and V. radiata, and some strains were able to nodulate A. afraspera (e.g., DOA9 and SUTN9-2) and A. indica (e.g., SUTN9-2). However, the photosynthetic strains BTAi1 and ORS278 were more specific, with a narrow host range; they were not able to nodulate A. americana (28) . These results support the occurrence of nonspecific and specific bradyrhizobial strains among Aeschynomene symbionts, with the photosynthetic strains being highly specific, and A. americana plants are commonly nodulated by Bradyrhizobium spp. of the cowpea miscellaneous group (43) .
After detection of the canonical nodulation genes (nodA, nodB, and nodC), the isolated strains were divided into 2 groups: nodcontaining strains and divergent nod-containing strains. The strains in both groups comprised various nodulation gene patterns based on the size of each hybridized signal (see Fig. S3 in the supplemental material). This result indicated the genomic variation of these strains. The taxonomic positions of the divergent nod-containing strains in the housekeeping gene trees were congruent with their positions in the 16S rRNA gene tree, pointing out that the divergent nod-containing strains were closely related to B. yuanmingense. Interestingly, based on nifH similarity, the nod-containing and divergent nod-containing strains were obviously distinguished (Fig. 4) . The grouping based on nifH similarity was well correlated with the grouping based on types of nodulation genes (Table 3) , Also, this finding correlated with the ability to fix nitrogen in the free-living state detected from the most of divergent nod-containing strains, which was reported to be restricted among rhizobia to photosynthetic bradyrhizobia (14) . Moreover, we found that the A. americana strain SUTN9-2 could nodulate all CI group representatives of Aeschynomene, but ORS285 could nodulate only CI groups 2 and 3. This might be explained by the nod genes of the A. americana strains having broadened their host range. This was supported by the similar sequences of nodA and nodB to nonphotosynthetic bradyrhizobial species, separating them from the photosynthetic strains belonging to CI group 2. Alternatively, it was possible that the A. americana strains use another simple mode for invasion of the Aeschynomene species. For example, the invasion might involve direct invasion at the site of emerging lateral roots, and other signals (such as cytokinin) instead of the Nod factor might play a role in triggering infection and nodule formation (1, 2, 12) . We found that the divergent nod-containing strain DOA9 could infect both A. afraspera and A. indica but could only establish nodules in A. afraspera. Possibly, the divergence of the divergent nod genes might impair the nodulation ability in A. indica. Altogether from these results, gene loss and lateral transfer of nodulation genes might explain this finding. It was hypothesized that the A. americana strains arose from a photosynthetic ancestor, and the adaptation of the bacteria in different environments led to loss of photosynthetic ability and acquisition of nodulation genes to broaden their host range to diverse Aeschynomene species. Two groups of the strains isolated from A. americana, nod-containing strains (nifH lineage 2) and divergent-nod containing strains (nifH lineage 1), possibly indicated independent acquisition events of nif and nod genes through lateral gene transfer. For the nod-containing strains, their evolution might involve the loss of a photosynthetic trait and nif genes of the photosynthetic bradyrhizobial ancestor, followed by acquisition of nif and nod genes from the other nonphotosynthetic species. For the divergent nod-containing strains, the nif genes of photosynthetic bradyrhizobia were still retained, and the sequence divergence of the acquired nod-genes from the other nonphotosynthetic species was driven later. However, the role of nodulation genes of the A. americana strains in the infection and nodulation of Aeschynomene species is still unclear. One or both possibly different infection modes, including divergent nod-dependent and nod-independent modes, might be involved. Therefore, it would be interesting to determine the role of the divergent nod gene and Nod-factor produced from the divergent nod gene products in nodulation ability. This is the first explanation of the diversity of the nonphotosynthetic bradyrhizobial strains nodulating the CI group 1. In addition, we found that the canonical nodABC genes of the nodcontaining strains differed from those of the other bradyrhizobia, and those of the divergent nod-containing strains were more diverse. We hypothesized that each nod gene might diverge from various origins. Therefore, the infection process of the divergent nod-containing strains with different CI group plants is attractive to study. Different rhizobial invasion processes have been de- scribed, of which two have been studied in detail (5, 16, 25, 41) . The best-known entry mechanism is the root hair curling process (18) . Upon recognition of proper rhizobia using Nod factor, the bacteria are entrapped within the curling root and induce the formation of an intracellular infection thread within the root hair. The infection thread proceeds intracellularly toward the cells of the nodule primordia. Another entry mechanism is lateral root base invasion (13) . This process starts with colonization of the bacteria at intercellular spaces between cortical cells and then induces the formation of infection pockets, from which intercellular and intracellular infection threads guide the bacteria to the target cells for nitrogen fixation within the nodule primordia. From our study, we found that the A. americana nodulating strains used a different process that mixes up these 2 described processes to establish symbiosis on A. americana, A. afraspera, and A. indica. The proposed steps of infection on A. americana are shown in Fig. 7 . In the early step, the bradyrhizobia attach at root hair and lateral root primordial origins and none of infection thread was observed. This early step is similar to those observed in A. indica and A. afraspera infected by Bradyrhizobium sp. strain ORS285 (3). Then, the bacterial invasion occurs via crack entry of the lateral root instead of using the epidermal root hair track. The invasion induces the formation of an intracellular accumulation of bacteria within the root hair and epidermis. Within the root epidermis, the dense bacterial cells cluster at the junction and intercellular spaces of root epidermis cells (Fig. 6E and F) . Next, the bacteria spread further through the root cortex (Fig. 6H) in the intercellular matrix and then through the endodermis and stele area (Fig. 6G) , and the same event was also found in both A. indica and A. afraspera inoculated with strains DOA9 and SUTN9-2 (data not shown). The cortex cells of these 3 species of Aeschynomene filled with bacterial cells also appeared without the infection thread formation (data not shown). It might be speculated that a phagocytic event might take place and that the plants initially utilized some of these functions to accidentally internalize bacteria through a direct mechanism resembling phagocytic events (16) . At both ends of each epidermis cell, heavily clustered bradyrhizobial cells were found; however, it is still unclear whether bradyrhizobial cells first invaded at root hairs or epidermis cells, or whether they invaded both during the same period of time. Interestingly, detection of highly clustered bacterial cells at the both ends of epidermis cells implies the sink of nutrients for cell propagation prior to invasion of adjacent epidermis cells and intercellular movement downward to the cortex layer. The mechanisms behind this scenario will be further investigated.
The discovery in this study raises several interesting questions. It seems that the divergent nod genes (from both nod-containing and divergent nod-containing strains) play a role in the interaction between the bradyrhizobial strains and Aeschynomene species. What is or are the bacterial signals that initiate nodule formation in this system? What are the plant signal molecules that induce bacterial attachment and colonization on the root? Is there the molecular interaction between the bradyrhizobia and development of lateral root? The molecular level of the invasion pathways, including bacterial accumulation in root epidermis and the lateral root base process, would be attractive to study to provide understanding of infection pathways in leguminous plants. If the simple mode rather than the complex one via root hair curling and infection thread formation is used for invasion, it is possible to transfer these bacteria to nonleguminous plants.
